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Abstract
Background: Patients with autosomal dominant polycystic 
kidney disease (ADPKD) are treated with a vasopressin V2 
receptor antagonist (V2RA) to slow disease progression. This 
drug increases vasopressin considerably in these patients 
with already elevated baseline levels. Vasopressin is known 
to stimulate the hypothalamic-pituitary-adrenal (HPA) axis 
through V1 and V3 receptor activation. It is unknown wheth-
er this increase in vasopressin during V2RA treatment affects 
glucocorticoid production. Methods: Twenty-seven ADPKD 
patients were studied on and off treatment with a V2RA and 
compared to age- and sex-matched healthy controls and IgA 
nephropathy patients, the latter also matched for kidney 
function. Vasopressin was measured by its surrogate co-
peptin. Twenty-four-hour urinary excretions of cortisol, cor-
tisone, tetrahydrocortisone, tetrahydrocortisol, allotetrahy-
drocortisol, and the total glucocorticoid pool were mea-
sured. Results: At baseline, ADPKD patients demonstrated a 
higher copeptin concentration in comparison with healthy 

controls, while urinary excretion of cortisol and cortisone 
was lower (medians of 0.23 vs. 0.34 μmol/24 h, p = 0.007, and 
0.29 vs. 0.53 μmol/24 h, p < 0.001, respectively). There were 
no differences in cortisol and cortisone excretion compared 
to IgA nephropathy patients. Cortisol, cortisone, and total 
glucocorticoid excretions correlated with kidney function  
(R = 0.37, 0.58, and 0.19, respectively; all p < 0.05). Despite 
that V2RA treatment resulted in a 3-fold increase in copeptin, 
only cortisone excretion increased (median of 0.44 vs. base-
line 0.29 μmol/24 h, p < 0.001), whereas no changes in corti-
sol or total glucocorticoid excretion were observed. Conclu-
sions: Increased concentration of vasopressin in ADPKD pa-
tients at baseline and during V2RA treatment does not result 
in activation of the HPA axis. The impaired glucocorticoid 
production in these patients is related to their degree of kid-
ney function impairment. © 2020 The Author(s) 

Published by S. Karger AG, Basel

Introduction

Autosomal dominant polycystic kidney disease (AD-
PKD) is a genetic disease characterized by growth of nu-
merous cysts in the kidneys, causing kidney function to 

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.
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decline [1]. An increasing number of ADPKD patients 
are nowadays treated with tolvaptan, a vasopressin V2 
receptor antagonist, to slow their rate of disease progres-
sion [2–5]. In the kidney, binding of vasopressin to V2 
receptors initiates translocation of aquaporin channels 
to the cell membrane of collecting duct cells. These 
channels allow water to flow from the lumen of tubular 
cells into the interstitial tissue and adjacent capillaries, 
thus reducing urinary output [6]. By blocking this sig-
nal, a vasopressin V2 receptor antagonist causes an in-
crease in urine volume and plasma osmolality, leading 
to a compensatory release of vasopressin from the neu-
ropituitary gland. Tolvaptan is highly selective for the 
V2 receptor and does not block vasopressin action on 
the V1 and V3 receptors [7]. Elevated levels of vasopres-
sin during tolvaptan use will therefore result in activa-
tion of these other two vasopressin receptor subtypes. 
Whether this will lead to clinically relevant secondary 
effects is not known.

One of these theoretical secondary effects could be 
activation of the hypothalamic-pituitary-adrenal (HPA) 
axis [8–11]. In experimental models, vasopressin has 
been demonstrated to potentiate the effect of corticotro-
pin-releasing hormone (CRH) via binding to V3 recep-
tors on the adenohypophysis [12–14]. Vasopressin 
stimulation thus increases adrenocorticotropic hor-
mone (ACTH) release. Additionally, vasopressin can 
also induce cortisol secretion directly via binding to 
both V1 and V3 receptors on the adrenal cortex [15, 16]. 
Studying the HPA axis in ADPKD patients could gener-
ate new insights regarding the effect of vasopressin on 
cortisol production. An increase in glucocorticoids 
might be of clinical importance. It has been suggested 
that even a subtle elevation of cortisol can increase the 
incidence of cardiovascular events and mortality [17, 
18]. Given that ADPKD patients are already known to 
have a high burden of cardiovascular problems, the pos-
sibility of adding to this risk is a cause for concern [19, 
20].

In the present study, we investigated, therefore, first 
baseline HPA axis activity in ADPKD patients, by com-
paring them with healthy controls and IgA nephropathy 
patients with a similar level of kidney function impair-
ment. The latter group was added to consider whether 
changes in urinary glucocorticoid excretion are an AD-
PKD specific phenomenon or can be attributed to low-
er kidney function in general. Thereafter, the effect of 
the increase in vasopressin levels during V2 receptor 
antagonist treatment on glucocorticoid metabolism was 
studied.

Materials and Methods

Study Population
For the present investigation, we used data of a study that was 

conducted between 2011 and 2013 to investigate the hemodynam-
ic effects, safety, and pharmacokinetics of short-term use of the 
V2 receptor antagonist tolvaptan in 27 ADPKD patients with a 
wide range in kidney function. The design and main findings of 
this study have been reported previously [3]. In summary, the Ra-
vine criteria were used to diagnose ADPKD [21]. Main exclusion 
criteria were a BMI of >35 kg/m2, uncontrolled hypertension, di-
abetes mellitus, pregnancy or breastfeeding, critical electrolyte 
imbalances, use of diuretics, and the need for kidney replacement 
therapy. Patients were on stable antihypertensive therapy during 
the study. Plasma and 24-h urine samples were collected at base-
line, and after 3 weeks use of a V2 receptor antagonist (given as 90 
mg at 8:00 and as 30 mg at 17:00), and 3 weeks after stopping this 
medication.

Every ADPKD patient was matched to 3 healthy controls based 
on age and sex. The healthy controls were chosen at random from 
an observational cohort of kidney transplant donors from our cen-
ter [22]. Subjects are eligible for organ donation if they are in good 
health, in particular, without impaired kidney function or in-
creased albuminuria. Urine and plasma samples collected before 
kidney donation were used.

A second control group was created to investigate the influence 
of kidney function by matching ADPKD patients with IgA ne-
phropathy patients 1:1 for age, sex, and estimated glomerular fil-
tration rate (eGFR). Patients with IgA nephropathy were chosen 
as control group because we aimed at a uniform group and IgA 
nephropathy is the most common primary kidney disease. These 
IgA nephropathy patients were selected from our outpatient clinic.

These studies were approved by the ethical board of the Uni-
versity Medical Center Groningen and conducted in adherence to 
the International Conference on Harmonization – Good Clinical 
Practice. Written informed consent was obtained.

Laboratory Measurements
Because of the variability in plasma levels over the day, mea-

surement of daily cortisol production is best represented by the 
total amount of glucocorticoids in a 24-h urine sample. This in-
cludes not only cortisol but also its metabolites. Therefore, the uri-
nary excretion of cortisol, its counterpart cortisone, and the major-
ity (∼80%) of their breakdown products tetrahydrocortisone 
(THE), tetrahydrocortisol (THF), and allotetrahydrocortisol 
(aTHF) were measured [23]. The total active pool was defined as 
the sum of cortisol and cortisone urinary excretion. The balance 
between cortisol and cortisone is maintained by 2 types of 
11β-hydroxysteroid dehydrogenase (11β-HSD), types 1 and 2, of 
which the activities can be estimated by calculation of the (THF + 
aTHF)/THE and cortisone/cortisol ratios, respectively [24, 25]. 
Furthermore, the activity of the 5α-reductase enzyme can be cal-
culated using the urinary aTHF/THF ratio [26, 27].

Total urinary cortisol, cortisone, THF, aTHF, and THE were 
measured using a validated high-performance liquid chromatog-
raphy tandem mass spectrometry assay [27]. For all components, 
stable isotope labelled internal standards were added, and the mix-
tures were incubated with an enzyme solution consisting of sulfa-
tases and β-glucuronidases (Suc d’Helix Pomatia; Brunschwig 
Chemie, Amsterdam, The Netherlands), to ensure hydrolysis of 
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cortisol and the metabolites from their sulfated and glucuronidat-
ed forms. Subsequently, analytes were extracted using a Supported 
Liquid Extraction technique (Phenomenex, Torrance, CA, USA). 
Finally, separation and detection were performed by use of a CSH 
Phenyl-Hexyl column (particle size 1.7 μm, 2.1 × 100 mm; Waters, 
Milford, MA, USA) and a XEVO TQ-s® tandem mass spectrom-
eter operated in negative electrospray ionization mode (Waters, 
Milford, MA, USA), respectively. Inter-assays imprecision was 
≤5.1, ≤9.2, ≤2.5, ≤6.5, and ≤8.0% for cortisol, cortisone, THE, 
THF, and aTHF, respectively.

In addition, we included plasma cortisol, cortisone, corticoste-
rone, 11-deoxycortisol, and 11-deoxycorticosterone levels in our 
analysis as secondary outcome measures. Blood was drawn at clin-
ic visits between 8:00 and 12:00 a.m. For plasma measurement, we 
used an online SPE LC-MS/MS assays, with use of a Kinetex Bi-
phenyl column (particle size 2.6 μm, 2.1 × 100 mm; Phenomenex, 
Torrance, CA, USA). Mass spectrometric detection was performed 
in positive electrospray ionization mode with a XEVO TQ-s (Wa-
ters, Milford, MA, USA). Inter-assay imprecision was ≤4.0, ≤6.0, 
≤4.0, ≤3.8, and ≤8.1% for cortisol, cortisone, corticosterone, 11-de-
oxycortisol, and 11-deoxycorticosterone, respectively. The com-
bined 11β-HSD type 1 and type 2 activity was estimated with the 
ratio between cortisol and cortisone plasma levels. The CYP11B1 
and CYP11B2 activities were estimated with the ratios between 
cortisol and 11-deoxycortisol and between corticosterone and 
11-deoxycorticosterone, respectively [28].

All urine and plasma samples were stored at −80°C until labo-
ratory analysis. Cold storage times were nearly similar for our 
study groups; therefore, little bias is expected from freeze-thaw ef-
fects. In particular, considering that various studies have shown 
that prolonged frozen storage does not affect cortisol levels [29–
31].

Copeptin was measured as surrogate marker for vasopressin, 
on a semi-automatic Kryptor analyzer (Thermo Fisher, Hennings-
dorf/Berlin, Germany) using a sandwich chemiluminescence im-
munoassay (Thermo Fisher) [32]. The intra-assay coefficient of 
variation of copeptin was 9.0% in the low range (at 3.0 ± 0.3 

pmol/L) and 2.2% in the high range (at 28.9 ± 0.6 pmol/L). The 
inter-assay coefficient of variation of copeptin was 13.1 and 2.2% 
for the low and high range, respectively [32]. Measurement meth-
ods for other laboratory variables have been described previously 
[3].

Statistical Analysis
Variables with a normal distribution are presented as mean and 

standard deviation, whereas variables with a skewed distribution 
are presented as median and interquartile range (IQR). Parametric 
data were assessed with use of the paired samples t test. Nonpara-
metric data were compared with use of either the Mann-Whitney 
U test or Friedman’s ANOVA with a post hoc analysis of differ-
ences using Wilcoxon signed-rank tests, with Bonferroni correc-
tions to correct for multiple testing. Correlations between eGFR 
and glucocorticoids were assessed using Spearman’s correlation 
analysis and, after log transformation, with multivariate regression 
analysis. p values of <0.05 were considered statistically significant. 
Analyses were performed using SPSS (IBM Statistics version 22.0) 
and GraphPad Prism (version 5.0).

Results

Baseline Characteristics
In Table 1, the baseline characteristics of 27 ADPKD 

patients are compared to those of 81 age- and sex-matched 
healthy controls and age-, sex-, and kidney function-
matched 27 IgA nephropathy patients. As expected, both 
groups of patients had lower kidney function than healthy 
control group. Furthermore, 24-h urinary sodium excre-
tion was lower in ADPKD and IgA nephropathy patients, 
reflecting adherence of these patients to the advice to re-
strict their sodium intake.

Table 1. Baseline characteristics of ADPKD patients, matched HCs, and matched IgA nephropathy patients

Groups p values for differences

ADPKD 
patients

HCs IgA 
nephropathy

ADPKD vs.  
HC

ADPKD vs. 
IgAN

IgAN vs. 
HC

Number 27 81 27
Age, years 46±9.8 46±9.7 50±10.2 0.82 0.23 0.09
Sex, % (female) 48 48 30 1.0 0.17 0.09
eGFR, mL/min/1.73 m2 57±33 96±14 55±20 <0.001 0.75 <0.001
BMI, kg/m2 25±4.1 27±4.6 29±6.1 0.18 0.005 0.01
Systolic blood pressure, mm Hg 131±11 127±12 121±9.7 0.23 0.001 0.02
Diastolic blood pressure, mm Hg 81±7.6 78±9.0 75±6.2 0.11 0.002 0.11
Use of antihypertensives, % 88.9 12.3 95.0 <0.001 0.47 <0.001
Volume 24-h urine, L 2.6±0.84 2.6±0.77 2.0±0.50 0.95 0.002 <0.001
Sodium excretion, mmol/24 h 159±56 209±82 140±42 0.001 0.15 <0.001

Data presented as mean ± SD, differences tested with an independent sample t test. eGFR, estimated glomerular filtration rate;  
ADPKD, autosomal dominant polycystic kidney disease; Ig, immunoglobulin; HC, healthy control; SD, standard deviation.
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Vasopressin in Kidney Disease and in Patients Using a 
V2 Receptor Antagonist
Vasopressin, measured by its surrogate marker co-

peptin, was similar in ADPKD and IgA nephropathy pa-
tients, but significantly higher when comparing these 2 
groups to healthy controls, with a median of 8.4, IQR 
[4.5–19.8], and 11.5 [7.3–17.9] versus 4.7 [3.5–6.8] pmol/L 
(p = 0.001 and p < 0.001, respectively). In response to V2 
receptor antagonist treatment, plasma copeptin levels in-
creased >3-fold in the ADPKD patients from a median 
value of 8.4 [4.5–19.8] to 28.4 [17.4–36.0] pmol/L and de-
creased again after ceasing V2 receptor antagonist treat-
ment during the washout period (9.6 [4.1–18.5] pmol/L, 
both p < 0.001). The effect of the use of a V2 receptor an-
tagonist on water homeostasis was furthermore illustrat-
ed by the strong increase in 24-h urine volume: 2,490 
[IQR: 1,930–3,090] mL on baseline, 5,770 [IQR: 4,350–
7,520] mL during treatment, and 2,270 [IQR: 1,900–
3,060] mL after washout (p < 0.001).

Glucocorticoids in ADPKD Patients, Healthy 
Controls, and IgA Nephropathy Patients
First, glucocorticoid excretion was compared between 

ADPKD patients and healthy controls. ADPKD patients 

had a significantly lower 24-h urinary excretion of cortisol 
(0.23 [0.19–0.30] vs. 0.34 [0.22–0.51] µmol/24 h, respec-
tively, p = 0.007) and cortisone (0.29 [0.21–0.42] vs. 0.53 
[0.36–0.67] µmol/24 h, respectively, p < 0.001) (Table 2). 
Concurrently, 11β-HSD1 activity was higher and 11β- 
HSD2 activity lower. The overall daily glucocorticoid pro-
duction, as measured by the total 24 h urinary excretion of 
glucocorticoid compounds did not differ between the 2 
groups (p = 0.32). In plasma, a significantly lower concen-
tration of cortisone was found (41 [30–50] vs. 55 [45–63] 
nmol/L, respectively, p < 0.001), but not of cortisol (see 
online suppl. Table 1; for all online suppl. material, see 
www.karger.com/doi/10.1159/000511000). Of interest, 
the cortisol precursor 11-deoxycortisol was found to be el-
evated in ADPKD (0.67 [0.35–0.79] vs. 0.35 [0.22–0.56] 
nmol/L, p = 0.03), while CYP11B1 enzyme activity was 
lower (547 [331–896] vs. 821 [576–1,122], p = 0.03). In the 
second control group, the IgA nephropathy patients, a 
similar glucocorticoid excretion pattern was found (Ta-
ble 2). In Figure 1, a summary of these findings is present-
ed. In the overall group, the urinary excretion of cortisol, 
cortisone, and calculated 11β-HSD1 and 11β-HSD2 activ-
ities correlated with the plasma values (R = 0.33, R = 0.43, 
R = 0.27 and R = −0.52, respectively, all p < 0.05).

Table 2. Urinary excretion of glucocorticoids in ADPKD patients compared to matched HCs and IgA nephropathy patients

Groups p values for differences

ADPKD 
patients

HCs IgA nephropathy ADPKD vs. 
HC

ADPKD vs. 
IgAN

IgAN vs. 
HC

Total glucocorticoids, µmol/24 h 21.7 [14.2–28.4] 22.2 [13.3–39.6] 22.7 [16.9–31.6] 0.32 0.31 0.96

Active compounds
Cortisol, µmol/24 h 0.23 [0.19–0.30] 0.34 [0.22–0.51] 0.26 [0.20–0.33] 0.007 0.34 0.04
Cortisone, µmol/24 h 0.29 [0.21–0.42] 0.53 [0.36–0.67] 0.34 [0.26–0.43] <0.001 0.29 <0.001
Total active pool, µmol/24 h 0.51 [0.42–0.73] 0.88 [0.95–1.21] 0.57 [0.48–0.79] <0.001 0.26 <0.001

Metabolites
THE, µmol/24 h 9.27 [6.14–14.6] 10.7 [6.54–19.9] 10.2 [7.42–15.0] 0.13 0.40 0.45
THF, µmol/24 h 5.91 [4.07–7.88] 6.13 [3.91–10.2] 5.81 [4.07–8.91] 0.50 0.90 0.75
aTHF, µmol/24 h 4.16 [1.94–6.31] 3.74 [21.8–6.06] 5.29 [3.34–8.35] 0.92 0.07 0.02

Enzymes
11β-HSD1 1.2 [0.9–1.5] 0.9 [0.8–1.1] 1.1 [0.9–1.6] 0.002 0.56 <0.001
11β-HSD2 1.2 [1.0–1.5] 1.5 [1.3–1.8] 1.3 [1.1–1.5] 0.001 0.41 0.003
5α-reductase 0.56 [0.38–1.0] 0.56 [0.38–0.89] 0.82 [0.69–1.1] 0.69 0.01 0.001

Data presented as median [IQR]; differences tested with a Mann-Whitney U tests for nonparametric data; total active pool is defined 
as the sum of cortisol and cortisone excretion, 11β-HSD1 = (THF + aTHF)/THE, 11β-HSD2 = cortisone/cortisol, and 5α-reductase = 
aTHF/THF. THE, tetrahydrocortisone; THF, tetrahydrocortisol; aTHF, allotetrahydrocortisol; 11β-HSD1, 11β-hydroxysteroid dehy-
drogenase type 1; 11β-HSD2, 11β-hydroxysteroid dehydrogenase type 2; ADPKD, autosomal dominant polycystic kidney disease; HC, 
healthy control; IgA, immunoglobulin A; IQR, interquartile range.
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There were differences in BMI and blood pressure 
between the 3 study groups. When we corrected our 
comparisons for BMI and blood pressure, similar re-
sults were obtained. Moreover, no significant interac-
tion between BMI or blood pressure and study groups 

was found in the association with various components 
of the HPA axis.

Additionally, we investigated the correlations between 
eGFR and urinary excretion of glucocorticoids with Spear-
man’s tests. The urinary excretion of cortisol, cortisone, 
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Fig. 1. Differences in glucocorticoid levels 
in patients with impaired kidney function 
impairment (both ADPKD and IgA ne-
phropathy, n = 27 in both groups) com-
pared to healthy controls (n = 81). Arrows 
indicate increased or decreased levels, with 
bold print indicating a p value <0.05 and 
normal print <0.1 compared with Mann-
Whitney U tests. 11β-HSD1, 11β-hydroxy
steroid dehydrogenase type 1; 11β-HSD2, 
11β-hydroxysteroid dehydrogenase type 2; 
11-DOC, 11-deoxycorticosterone; THE, 
tetrahydrocortisone; THF, tetrahydrocor-
tisol; aTHF, allotetrahydrocortisol; ADP-
KD, autosomal dominant polycystic kid-
ney disease; Ig, immunoglobulin.

Fig. 2. Baseline kidney function versus urinary cortisol excretion (left panel) and urinary cortisone excretion 
(right panel). Correlation coefficients were assessed using Spearman’s statistical tests for nonparametric data. 
ADPKD, autosomal dominant polycystic kidney disease; eGFR, estimated glomerular filtration rate; Ig, immu-
noglobulin.
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and total glucocorticoids was positively correlated with 
eGFR in the total group (R = 0.37, p < 0.001; R = 0.58, p < 
0.001; and R = 0.19, p = 0.03, respectively, Fig. 2 and online 
suppl. Table 2). When these analyses were adjusted for age, 

sex, and copeptin levels, the associations remained (online 
suppl. Table 2). The enzyme activities of 11β-HSD1 and 
11β-HSD2 were also found to be correlated significantly  
(R = −0.32 and R = 0.32, respectively, both p < 0.001).

Table 3. Urinary excretion of glucocorticoids in ADPKD patients (n = 27) at baseline, after 3 weeks of treatment with the vasopressin 
V2RA tolvaptan and 3 weeks after stopping this treatment (washout)

Baseline V2RA Washout p value

Total glucocorticoids, µmol/24 h 21.7 [14.2–28.4] 18.3 [13.8–24.8] 19.3 [15.8–26.0] 0.10

Active compounds
Cortisol, µmol/24 h 0.23 [0.19–0.30] 0.24 [0.17–0.35] 0.23 [0.18–0.33] 0.40
Cortisone, µmol/24 h 0.29** [0.21–0.42] 0.44 [0.35–0.61] 0.29** [0.22–0.38] <0.001
Total active pool, µmol/24 h 0.51** [0.42–0.73] 0.71 [0.50–0.99] 0.53** [0.40–0.67] <0.001

Metabolites
THE, µmol/24 h 9.27 [6.14–14.6] 9.24 [4.54–12.5] 8.62 [5.99–13.3] 0.40
THF, µmol/24 h 5.91 [4.07–7.88] 5.54 [4.07–7.99] 6.75 [4.06–8.20] 0.20
aTHF, µmol/24 h 4.16* [1.94–6.31] 3.54 [0.76–5.16] 4.11** [1.76–6.63] <0.001

Enzymes
11β-HSD1 1.2 [0.9–1.5] 1.0 [0.6–1.5] 1.1 [0.9–1.6] 0.09
11β-HSD2 1.2** [1.0–1.5] 1.9 [1.5–2.4] 1.2** [1.0–1.3] <0.001
5α-reductase 0.56 [0.38–1.0] 0.43 [0.25–0.95] 0.50* [0.38–1.0] 0.04

Data presented as median [IQR], differences tested with Friedman’s ANOVA, for nonparametric data, with post hoc test with Bon-
ferroni correction; * < 0.05; ** <0.001 compared to V2 receptor antagonist; total active pool is defined as the sum of cortisol and corti-
sone excretion, 11β-HSD1 = (THF + aTHF)/THE, 11β-HSD2 = cortisone/cortisol and 5α-reductase = aTHF/THF. THE, tetrahydrocor-
tisone; THF, tetrahydrocortisol; aTHF, allotetrahydrocortisol; 11β-HSD1, 11β-hydroxysteroid dehydrogenase type 1; 11β-HSD2, 
11β-hydroxysteroid dehydrogenase type 2; RA, receptor antagonist; ADPKD, autosomal dominant polycystic kidney disease; IQR, in-
terquartile range; V2RA, vasopressin V2 receptor antagonist.

CYP11B2 CYP11B2
aldosterone

24 hour urine

11β-HSD1

CYP11B1

THF aTHF THE

5β-reductase 5α-reductase

11-DOC corticosterone

11-deoxycortisol cortisol cortisone
11β-HSD2

5α-reductase

Plasma

Fig. 3. Changes in urinary and plasma glu-
cocorticoid levels of ADPKD patients when 
using a vasopressin V2RA. Arrows indicate 
increased or decreased levels on treatment 
compared to baseline and washout, with 
bold print indicating a p value <0.05 and 
normal print <0.1 using Friedman’s ANO-
VA. 11β-HSD1, 11β-hydroxysteroid dehy-
drogenase type 1; 11β-HSD2, 11β-hydroxy
steroid dehydrogenase type 2; 11-DOC, 
11-deoxycorticosterone; THE, tetrahydro-
cortisone; THF, tetrahydrocortisol; aTHF, 
allotetrahydrocortisol; ADPKD, autosomal 
dominant polycystic kidney disease; RA, re-
ceptor antagonist; V2RA, vasopressin V2 
receptor antagonist.
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Glucocorticoids during Treatment with a V2 Receptor 
Antagonist
The effects of the V2 receptor antagonist on copeptin 

and 24-h urinary glucocorticoid excretion are shown in 
Table  3. During V2 receptor antagonist treatment co-
peptin increased, as did urinary excretion of cortisone 
(0.44 [0.35–0.61] vs. 0.29 [0.21–0.42] µmol/24 h, p < 
0.001) and the total active pool (0.71 [0.50–0.99] vs. 0.51 
[0.42–0.73] µmol/24 h, p < 0.001). 11β-HSD2 activity in-
creased (1.9 [1.5–2.4] vs. 1.2 [1.0–1.5], p < 0.001), where-
as aTHF excretion decreased (3.5 [0.76–5.16] vs. 4.1 
[1.94–6.31] µmol/24 h, p < 0.001). No difference in total 
urinary glucocorticoid excretion was observed (p = 0.10). 
These data are summarized in Figure 3.

Thereafter, V2 receptor antagonist induced changes in 
plasma glucocorticoid levels were investigated (online 
suppl. Table 3). No consistent changes were found during 
V2 receptor antagonist use when compared to baseline 
and washout.

Discussion

In this study, we explored whether an increase in 
plasma vasopressin concentration results in activation 
of the HPA axis. In concurrence with a strong increase 
in vasopressin during V2 receptor antagonist treatment, 
only cortisone, and not cortisol nor total urinary excre-
tion of glucocorticoid products, was found to be in-
creased. This makes it unlikely that increased vasopres-
sin concentration in these patients results in clinically 
significant HPA axis activation. In addition, we found 
that cortisol and cortisone excretions were lower in pro-
portion to the eGFR in our 3 study groups combined, 
suggesting that impaired kidney function has an effect 
on the HPA axis.

We conducted this study with the hypothesis that el-
evated vasopressin levels would result in a higher urinary 
glucocorticoid excretion because several lines of evidence 
suggest that vasopressin has a role in regulating HPA axis 
activity. First, it has been demonstrated in isolated cell 
lines and animal models that vasopressin regulates ACTH 
release from the anterior pituitary gland synergistically 
with CRH via the vasopressin V3 and the CRH-R1 recep-
tors, respectively [12, 13]. This occurs especially when ac-
tivation of the axis is stress-induced [14]. Second, other 
experimental studies have shown that vasopressin leads 
to cortisol secretion from the adrenal cortex directly, by 
activation of vasopressin V1 and V3 receptors [15, 16]. A 
comprehensive graphical overview of the above-de-

scribed pathways can be found in online suppl. Figure 1. 
That these experimental data can be translated to the hu-
man situation is supported by a study that showed that 
administration of a vasopressin V3 receptor antagonist 
reduced plasma ACTH, serum cortisol, urinary total glu-
cocorticoids, and urinary cortisol excretion compared to 
placebo in healthy adults [33]. Furthermore, a second 
study showed correlations between stress-induced co-
peptin and cortisol concentrations when hypoglycemia 
was induced by insulin administration [34]. On the other 
hand, a clinical significant change in HPA-axis activation 
in states of vasopressin excess, as for example, SIAHD, 
has to the best of our knowledge not been described.

Our data challenge the clinical significance of the va-
sopressin effect on the HPA axis. In the context of a very 
pronounced elevation of vasopressin due to VR2A ad-
ministration, we noticed only minor changes in the glu-
cocorticoid axis. We found an increase in only a small 
part of the glucocorticoid axis, namely, in the size of the 
cortisone pool, the inactive counterpart of cortisol, in 
concurrence with an increase in 11β-HSD type 2 activa-
tion. However, cortisol level itself did not change. More-
over, overall glucocorticoid production showed a trend 
towards a lower value, contradicting our hypothesis. This 
observation is supported by a decrease in 11-deoxycorti-
sol plasma levels, the direct cortisol precursor in the ad-
renal gland. Based on these data, we conclude that long-
term V2 receptor antagonist administration is not likely 
to have detrimental off-target effects with regard to the 
HPA axis, thereby refuting the theoretical disadvantage 
of this drug in the treatment of ADPKD patients. Of note, 
the isolated change in cortisone excretion may not be in-
fluenced by vasopressin directly, but indirectly as a result 
of the increased urinary flow [35].

It is important to note that vasopressin levels are not 
only elevated when administering a V2 receptor antago-
nist, but that ADPKD patients had already higher levels 
at baseline when compared to healthy individuals. In AD-
PKD patients, the development and growth of renal cysts 
change the renal architecture, leading to a urine concen-
tration defect [36–39]. To compensate for this concentra-
tion deficit, vasopressin levels are elevated in ADPKD pa-
tients [40]. Our data indicate that change in vasopressin 
levels is, however, not specific for this kidney disease be-
cause similar levels were found in IgA nephropathy pa-
tients that were matched to ADPKD patients for sex, age, 
and level of kidney function impairment. When compar-
ing both patient groups to the healthy controls, again we 
did not find HPA axis activation. In contrast, kidney dis-
ease patients showed a marked downregulation of corti-
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sol and cortisone excretion in 24 h urine compared to 
age- and sex-matched healthy controls, although the 
overall glucocorticoid excretion remained similar. In our 
study population, a significant relationship between cor-
tisol and cortisone and kidney function was seen. Prior 
studies have likewise reported a positive association be-
tween urinary cortisol excretion and kidney function in 
the general population [30] as well as in patients with kid-
ney disease [41]. It has to be stated, however, that not all 
studies are uniform on this topic because another study 
did not find any difference between controls and patients 
with moderate to severe kidney function impairment in 
morning salivary cortisol concentration, as representa-
tion of plasma levels, and even higher levels of evening 
salivary cortisol in patients with more severe kidney im-
pairment [42]. In our ADPKD and IgA nephropathy pa-
tients, a compensatory change towards more cortisol re-
generation from cortisone was observed. The balance be-
tween cortisol and cortisone is maintained by 2 enzymes, 
11β-HSD type 1 and type 2. The first isoenzyme, 11β-HSD 
type 1, functions primarily as reductase, which reduces 
cortisone to cortisol. The other isoenzyme, 11β-HSD type 
2, functions solely as dehydrogenase, thereby deactivat-
ing cortisol to cortisone. By doing so, 11β-HSD type 2 
prevents binding of cortisol to the mineralocorticoid re-
ceptors. The latter conversion is of importance for salt 
regulation, for cortisol has an equal affinity for the min-
eralocorticoid receptor and thus equal effect as aldoste-
rone, whereas cortisone has no binding potential [25, 43, 
44]. In line with prior research in adults and children, we 
found that 11β-HSD type 1 activity was negatively corre-
lated with kidney function [45, 46]. Also consistent with 
our data is literature that indicates that the functionality 
of 11β-HSD type 2 declines over the course of kidney dis-
ease [47, 48], although some data indicate that this phe-
nomenon might only occur at severely impaired kidney 
function [49]. Since 11β-HSD type 2 is an enzyme that 
operates principally in the kidney, progressive decline in 
kidney function may indeed be expected to affect its activ-
ity. Alternatively, rather than attributing these lower lev-
els of urinary glucocorticoids and changed 11β-HSD ac-
tivities to a decreased kidney function, some suggests an 
effect of antihypertensive therapy [50], although litera-
ture on this subject is scarce and far from uniform, given 
that others do not find a link between use of these drugs 
and the glucocorticoid axis [51, 52]. Importantly, when 
studying the effect of tolvaptan, patients were on a stable 
antihypertensive regimen.

We know of only one prior study that investigated the 
activity of the HPA axis in ADPKD patients. In this study, 

Tufan et al. [53] subjected 22 ADPKD patients (eGFR: 
89.7 mL/min/1.73 m2) and 27 healthy controls (eGFR: 
105.6 mL/min/1.73 m2) to a 1 μg short ACTH stimulation 
test. They found that ADPKD patients had higher basal 
plasma cortisol levels, in contrast to what we found, but 
that after ACTH stimulation plasma cortisol rose less in 
ADPKD patients compared to healthy controls. It should 
be noted that in their study, ADPKD patients had consid-
erably better kidney function than in our study (90 vs. 57 
mL/min/1.73 m2), possibly explaining the discrepancy in 
baseline cortisol data [53]. In addition, the ACTH test will 
only provide information on the presence or absence of 
adrenal insufficiency upon stimulation and is not a mea-
sure of day-to-day HPA axis activity.

With this study, we have investigated the significance 
of elevated vasopressin levels on the HPA axis within an 
actual clinical situation, which, to our knowledge, has not 
been done previously. We showed that during treatment 
with a V2 receptor antagonist, when vasopressin level in-
creases, no disadvantageous effects on the HPA axis occur. 
Furthermore, we add information that CKD is associated 
with less glucocorticoid production, probably because of 
a decreased activity of 11β-HSD type 2. We acknowledge 
that this study has limitations, most of which are inherent 
to the post hoc design. Most importantly, CRH and ACTH 
could not be measured in our stored samples, since these 
are small peptide hormones, which will be significantly 
influenced by frozen storage and thawing [54]. Another 
drawback is that we measured copeptin, as surrogate for 
vasopressin, instead of vasopressin. However, we previ-
ously showed that copeptin is more reliable to measure 
than vasopressin in stored samples [32]. Furthermore, it 
should be noted that our study addresses the effect of a V2 
receptor antagonist on the HPA axis activity without ad-
dition of a stressor; therefore, we cannot definitively dis-
miss a vasopressin induced change of HPA axis regulation 
during stress conditions. Finally, we studied a relatively 
small patient population. Confirmation in a larger num-
ber of ADPKD patients may therefore be needed.

In conclusion, our data show that increased concen-
trations of vasopressin in patients on V2 receptor antago-
nist treatment do not result in overt activation of the HPA 
axis. In contrast, glucocorticoid production decreases in 
these patients in relation to the degree of their kidney 
function impairment.
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